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Abstract 

Ubiquitin-conjugating enzyme 2C (UBE2C) contributes to ubiquitin-mediated proteasome degradation of cell cycle 
progression in breast cancer. Microcalcification (MC) is the most common mammographic feature of early breast cancer. In 
this study, we evaluated whether UBE2C could be a tumor marker of early breast cancer with MC found on screening 
mammography. UBE2C protein and mRNA expression were measured in breast core biopsy pairs of MC and adjacent non- 
MC breast tissue from each subject. Immunohistochemistry revealed UBE2C positivity in 69.4% of MC samples and 77.6% 
negativity in non-MC samples (p<0.0001). On RT-qPCR, 56.1% of malignant MC lesion samples showed high mRNA level of 
UBE2C and 80% of benign MC lesion samples showed a low level of UBE2C (p = 0.1 766). We investigated the carcinogenic 
role of UBE2C in MCF-7 breast cancer cells with UBE2C knockdown; UBE2C knockdown downregulated cell proliferation and 
activated the cellular apoptosis pathway to inhibit cell colony formation. Furthermore, UBE2C expression was associated 
with that of carcinogenic genes human epidermal growth factor receptor type 2 {HER2), cellular c-Ki-ras2 proto-oncogene 
(KRAS), vascular endothelial growth factor (VEGF), CXC chemokine receptor 4 (CXCR4), C-C motif chemokine 5 (CCL5), neural 
precursor cell expressed, developmentally downregulated 9 {NEDD9) and Ras homolog family member C (RhoC). UBE2C 
may be a marker for diagnosis of nonpalpable breast lesions but not benign or malignant tumors in mammography core 
biopsies. Suppression of UBE2C may be a potential therapy target in breast cancer. 
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Introduction 

Breast cancer represents the highest cancer incidence rate and 
the fourth liighest mortality rate for women in Taiwan [1,2]. Early 
diagnosis and proper treatment are critical in patient survival 
[3,4,5]. Several tests performed to stage breast cancer include 
biopsy and imaging tests such as chest x-ray, mammography, bone 
scan, CT and MRI [6]. Mammography is the most important 
imaging tool for the detection and diagnosis of breast cancer, 
particularly for non-invasive ductal carcinoma in situ (DCIS) 
breast cancer [7]. Screening mammograpliy can detect early, 
nonpalpable breast cancer, because as many as 2 % of all screened 
women will undergo biopsy, thus yielding a positive biopsy rate of 
about 25% and improved long-term survival and cure rate [8]. 
Since 2004, Taiwan began a phased implementation of screening 
mammography every 2 years for women aged 50 to 69. More than 
half of the breast cancer cases found were at highly curable stage 0 
and 1 [2]. 



Breast microcalcifications (MC), detected by mammography, 
result from inflammation of the breast, intraductal papilloma, 
fibroadenoma, cystic fibrosis, fat necrosis and MC with breast 
cancer, because calcification itself can be a normal or abnormal 
cell-death metabolic physiological phenomenon or the result of 
cancer [9]. Mammography-sterotactic vacuum-assisted core nee- 
dle biopsy allows for minimally invasive sampling of most MC 
breast lesions and generates tissue cores for histologic evaluation. 
Such biopsy samples are also valuable for investigating tumor 
markers of early breast cancer. 

Tumor biomarker tests have additional features for breast 
cancer diagnosis and treatment. The expression of immunohisto- 
chemical markers of human epidermal growth factor receptor 2 
(HER2/neu), estrogen receptor (ER) and progesterone receptor 
(PR) have been widely accepted for routine use in breast cancer, 
serving as predictive factors of endocrine and trastuzumab 
therapy, respectively [10,11]. However, the weak positivity of 
HER2, ER and PR or triple-negative breast cancer (HER2-/ER-/ 



PLOS ONE I www.plosone.org 



1 



April 2014 I Volume 9 | Issue 4 | e93934 



UBE2C Expression in Breast Microcalcification Lesions 



and PR-) requires additional examination with costly and higher 
technical assays, such as fluorescence in situ hybridization assay 
[11,12,13]. Therefore, developing new biomarkers for diagnosis 
and examining the genomic diversity of breast cancer is needed. 

Ubiquitination is a critical cellular mechanism for targeting 
abnormal or short-hved proteins for degradation. The modifica- 
tion of proteins with ubiquitin involves at least 3 classes of 
enzymes: ubiquitin-activating enzymes, ubiquitin-conjugating en- 
zymes (E2s), and ubiquitin-protein ligases. Ubiquitin-conjugating 
enzyme 2C [UBE2C) encodes a member of the E2 ubiquitin- 
conjugating enzyme family; the gene features multiple transcript 
variants encoding different isoforms. UBE2C is required for 
destroying mitotic cyclins and regulating anaphase-promoting 
complex and for cell cycle progression [14,15]. Overexpression of 
UBE2C causes chromosome missegregation and alters the cell 
cycle profile, which facilitates cell proliferation [16,17]. Impor- 
tanfly, UBE2C transgenic mice show a broad spectrum of 
spontaneous tumors that demonstrate UBE2C as a prominent 
protooncogene [17]. UBE2C expression is associated with 
aggressive thyroid, ovarian and breast carcinomas; colon cancer; 
and lymphomas [18,19,20,21,22,23]. It may be a tumor marker 
candidate. 

To evaluate the practical application of UBE2C in early breast 
cancer diagnosis, we measured UBE2C mRNA and protein 
expression in vacuum-assisted breast core biopsies and analyzed 
the relation between UBE2C expression and clinical features. We 
also investigated the carcinogenic role of UBE2C in the breast 
cancer cell cycle by its overexpression or knockdown ectopic 
expression. In addition, we examined the expression of UBE2C- 
related tumor-initiation and metastasis genes. We provide a 
theoretical basis for UBE2C as a potential biomarker candidate or 
theraputic target for early breast cancer. 

Material and Methods 

Ethic statement 

The study was approved by the Institutional Review Board of 
Kaohsiung Veterans General Hospital (Protocol number: 
VGHKS11-CT4-02) and conformed to the current ethical 
principles of the Declaration of Helsinki. Written informed 
consents were obtained from all subjects. 

Human tissue samples and cell lines 

Women with Breast Imaging Reporting and Data System (BI- 
RADS) category 4 or 5 due to suspicious mahgnant MC on 
screening or diagnostic mammography were recommended for 
stereotactic breast biopsy. Biopsies of breast MC and adjacent 
normal tissue (non-MC) were obtained by the stereotactic 10- 
gauge vacuum-assisted breast biopsy system (Vacora, Bard 
Medical Systems, Tempe, AZ). In general, 15 to 20 specimens 
per lesion were obtained. Women were included if mammography 
between January 2010 and December 2011 showed that MC 
specimens were insufficient for clinical pathology diagnosis. 

Breast cancer cell lines, MCF-7 (BCRC#60436) and MDA- 
MB-231 (BCRC#60549) from the Bioresource Collection and 
Research Center (BRGR, Hsiiichu, Taiwan) were cultured in 
DMEM supplemented with 10% fetal bovine serum (Invitrogen) in 
a humidified atmosphere of 95% air and 5% CO2 at 37°C. 

Immunohistochemistry 

Formalin-fixed, paraffin-embedded breast core biopsies were 
cut into 5-|.im sections and mounted on slides. Following 
deparaffinisation in xylene, slides were derehydrated in a alcohol 
graded series and placed in running water. The Novolink Polymer 



Table 1. Data for 55 women. 




Clinical parameter 


No. (%) 


History 


Personal history of breast cancer 


7 (13) 


Family history of breast cancer 


2 (4) 


Age 


>50 


38 (69) 


<50 


17 (31) 


Mammography BI-RADS category 


4A 


20 (36) 


4B 


12 (22) 


4C 


11 (20) 


5 


12 (22) 


Pathology type 


Malignant 


34 (62) 


Benign 


21 (38) 


TNM cancer stage (34 malignancy) 


0 


13 (38) 


l-ll 19 (56) 


lll-IV 


2 (6) 


Histology 


Invasive cancer 


Invasive ductal carcinoma 


19 (35) 


Carcinoma in situ 


Ductal carcinoma in situ 


14 (25) 


Lobular carcinoma in situ 


1 (2) 


Benign 


Atypical ductal hyperplasia 


1 (2) 


Flat epithelial atypia 


3 (5) 


Fibrocystic disease 


17(31) 


TNM, tumor-node-metastasis. 




doi:10.1371/journa!.pone.0093934.t001 





Detection System (Leica) was used for immunohistochemistry. The 
antigen was retrieved with heating in 10 mM citrate buffer 
(pH 6.0), then slides were incubated with Peroxidase Block to 
neutrilize endogenouse peroxidase activity, then with Protein 
Block before reaction with anti-UBE2C antibody (1:100, 
HOOOl 1065-MOl, Abnova). Then, slides were reacted with 
Novolink polymer followed by DAB chromogen solution to 
develop peroxidase activity for visualizing the antibody-drochlor- 
ide complex. Slides were counterstained with haematoxylin. 
UBE2C histology score was defined as the proportion of 
immuiiostained cells to total number of cells in the evaluated 
area. A trace amount (+/~) indicated <10% nuclear staining; 1-I-, 
10% to 30% cells with faint or barely perceptible staining; 2-I-, 
30% to 50% cells with strong staining; 3-H, >50% cells with strong 
staining; and 4+, almost 100% cells with strong staining. 

RNA extraction and quantitative real-time PCR 

Total RNA was extracted from biopsies or cultured cells by the 
Trizol reagent method (Invitrogen). In total, 1 |ig total RNA was 
reverse-transcribed with oligo dT primer and the Superscript III 
reverse transcription kit (Invitrogen). Quantitative RT-PCR 
involved 4 ng cDNA with 10 |tl SYBR Green PCR Master MLx 
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Figure 1. Immunohistochemistry of UBE2C expression in core breast biopsies. (A) Immunohistochemistry staining for UBE2C protein 
expression: staining score from 0 (negative) to 4+ (positive). (B) UBE2C scores in breast non-microcalcification (non-MC) and microcalcification (MC) 
tissues. (C) UBE2C scores for benign and malignant samples by pathological diagnosis. 
doi:1 0.1 371 /journal.pone.0093934.g001 



(Applied Biosystems) and 3 |iM primers in the ABI StepONE 
Real-Time PGR System (Applied Biosystems). The primers for 
UBE2C, cellular c-Ki-ras2 proto-oncogene (KRAS), HER2, 
vascular endothelial growth factor (VEGF), CXC chemokine 
receptor 4 (CXCR4), C-C motif chemokine 5 (CCL5), neural 
precursor cell expressed, developmentaUy downregulated 9 
(NEDD9) and Ras homolog family member C (RhoC) were 
designed by use of Primer Express v3. 1 (Applied Biosystems; Table 
S 1). The relative gene mRNA expression was normalized to that of 
HPRT as a loading control. 

Western blot analysis 

For protein extraction, 1 x 1 0** cells were lysed in 200 |il RIPA 
buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 
1% Nonidet P-40, 0.5% DOC, 0.1% SDS) containing Complete 
Protease Inhibitor Cocktail (Roche). Cell lysates were centrifuged 
at 14,000 X g for 30 min at 4°C, then supernatant was harvested. 
Proteins were quantified by use of the Bio-Rad DC Protein Assay 
kit, separated by 10% SDS-PAGE and transferred to PVDF 
membrane (MiUipore). Membranes were blotted with antibodies 
for UBE2C (1:1000, HOOOl 1065-MOl, Abnova), Bcl-2 (1:1000, 



1017-1, Epitomics), and poly (ADP-ribose) polymerase (PARP; 
46D1 1), Bcl-XL (2762), caspase-3 (8G10), caspase-8 (D35G2) and 
caspase-9 (all 1:1000, C9, all Cell Signaling). Incubation with anti- 
P-actin (1:5000, MAB1501, Millipore) was a loading control. 

Overexpresslon and knockdown of UBE2C 

UBE2C cDNA was cloned from MCF-7 cells by use of PCR 
primers with Xhol and EcoRI restriction enzyme sites. The 
primer sequence for UBE2C was forward, ATCTC- 
GAGTGTTCTCCGAGTTCCTGTC, and reverse, GTGAAT- 
TCTCAGGGCTCCTGGCTG. The cloned UBE2C cDNA was 
inserted into the expression vector pMSCV(-puro) (Clontech), then 
sequenced. An amount of 4 |ig pMSCV-UBE2C plasmid was 
transfected into MCF-7 cells by Polyjet transfection (SignaGen 
Laboratories). At 48 h post-transfection, overexpressed UBE2C 
was detected by immunoblotting. To knock down UBE2C 
expression in MCF-7 cells, UBE2C short hairpin RNA (shRNA) 
and control shRNA oligonucleotides were synthesized and inserted 
into the pSUPER-retro-vector (OUogoengin) to generate UBE2C 
shRNA. The primer sequences were for UBE2C shRNA, forward, 
GATCCCCCCTGCAAGAAACCTACTCATTCAAGAGAT- 
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Table 2. Immunohistochemistry analysis of ubiquitin-conjugating enzyme 2C {UBE2C) in breast lesions by clinical variables. 



UBE2C 



Variable 


No. of samples 


Negative, no. (%) 


Positive, no. (%) 


P-value* 


Lesion type^ 


Non-MC 


49 


38 (77.6) 


11 (22.4) 




MC 


49 


15 (30.6) 


34 (69.4) 


<00001 


Age 


>50 


33 


10 (30) 


23 (70) 




<50 


16 


5 (31.25) 


11 (68.75) 


1.000 


Bi-RADS 


4A 


20 


5 (25) 


15 (75) 




4B 


11 


4 (36.4) 


7 (63.6) 




4C 


9 


1 (11.1) 


8 (88.9) 




5 


9 


5 (55.6) 


4(44.4) 


0.1939 


Pathology type 


Benign 


21 


7 (33.3) 


14 (66.7) 




Malignant 


28 


8 (28.6) 


20 (71.4) 


0.7621 


TNIVI cancer stage 


DCIS/LCIS stage 0 


12 


1 (8.3) 


11 (91.7) 




IDC stage l-lll 


16 


7 (43.8) 


9 (56.2) 


0.0826 



^Mammography diagnosis of non-microcalcificatlon (Non-MC) and microcalcification (MC) tissue. The MC results were further analyzed by age, Breast Imaging Reporting 

and Data System (BI-RADS) category, pathology type and cancer stage. 

"^determined by Fisher's exact test, except BI-RAD, which was analyzed by chi-square test. 

DCIS/LCIS, ductal carcinoma in situ//obu/ar carcinoma in situ; IDC, invasive ductal carcinoma. 

doi:1 0.1 371 /journal.pone.0093934.t002 



GAGTAGGTTTCTTGCAGGTTTTTA, and reverse, AGCT- 
TAAAAACCTGC AAGAAAC CTACTC ATCTCTTGAATGAG- 
TAGGTTTCTTGCAGGGGG; and control shRNA, forward, 
GATCCCCCTAACACTAGCTCAAGACCTTCAAGAGAGG- 
TCTTGAGCTAGTGTTAGTTTTTA and reverse, AGCT- 
TAAAAACTAACACTAGCTCAAGACCTCTCTTGAAGGTC- 
TTGAGCTAGTGTTAGGGG. An amount of 4 |tg pSUPER- 
UBE2C and control shRNA plasmids was transfected into MCF-7 
cells for 48 h for expression analysis. 

Cell viability and proliferation assay 

MTT and WST- 1 assay were used to monitor the viability and 
proliferation, respectively, of MCF-7 cells. For MTT assay, MCF- 
7 cells were trypsinized and resuspended in culture medium, then 
plated at 5x10'^ cells per well in 96-weU plates and incubated 
overnight. MCF-7 cell viability was determined by 3-(4,5- 
dimethylthiazol-2-yl) 2,5-diphenyltetrazolium bromide MTT re- 
agent at 1 mg/ml for 30 min in 96-weU plates, then the cell 
supernatant was replaced with DMSO to resolve formazan dye; 
viability was quantified by scanning multi-well spectrophotometry 
(Anthos). The net absorbance (OD550 to OD620 nm) was 
measured. The dye exclusion test for cell viability involved 
Trypan blue staining (Gibco). For WST-1 assay, cells grown in 96- 
weU plates were incubated with 10 |tl WST-1 reagent (Roche) for 
2 h. The absorbance at 450 nm was monitored and the reference 
wavelength was set at 620 nm. 

Wound healing assay 

MCF-7 cells were cultured in confluent monolayers in 12- or 6- 
weU plates. The monolayers were scratched in a line across the 
well with use of a 200-|tl standard pipette tip. The wounded 



monolayers were then washed twice with serum-free media to 
remove cell debris and incubated. The cell-free wound area was 
photographed at the indicated times with use of a digital camera 
connected to an inverted microscope (Nikon TE200). Images were 
analyzed by use of Image J. Wound healing was calculated as the 
proportion of remaining cell-free area compared with the initial 
wound area. 

Colony-forming assay 

MCF-7 cells were cultured at 2,000 cells/well in 6-weU plates. 
The cells were allowed to grow for 14 days, with medium changed 
every 3 days. At the end, colonies were frxed with paraformade- 
hyde (4% w/ v), stained with crystal violet (0.5 % w/v) and counted. 

Statistical analysis 

Statistic analyses involved use of GraphPad Prism 5 (GraphPad 
Software, Inc., LaJoUa, CA, USA). Data were analyzed by WUcoxon 
matched-pairs / test, Mann-Whitney U test, receiver-operating 
characteristic curve analysis, chi-square test or Fisher's extract test. 
Correlation analysis involved Pearson correlation coefficient. Two- 
tailed P^0.Q5 was considered statistically significant. 

Results 

Immunohistochemical analysis of UBE2C expression in 
breast MC tissues 

MammographicaUy determined MC lesions from core biopsies 
of suspected breast cancer were confirmed by pathology diagnosis. 
We included samples from 55 women, from 27 to 70 years old; 
pathology diagnoses included 21 benign (38%) and 34 malignant 
(62%) cases. Among the 34 malignant cases, 19 were invasive 
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Figure 2. UBE2C mRNA expression and clinico-pathological data. (A) UBE2C relative expression in non-IVIC and MC tissue with normalization 
to the internal control HPRT. (B) The relative expression of UBE2C mRNA in pairs of non-MC and MC lesions in benign and malignant samples. (C) 
UBE2C fold change in mRNA expression in MC/non-MC lesions in pairs of benign and malignant samples. (D) UBE2C fold change in mRNA expression 
in MC/non-MC lesions in fibrocystic disease (FCD), ductal carcinoma in situ (DSIC)/lobular carcinoma in situ (LCIS) and invasive ductal carcinoma (IDC) 
samples. Data are mean±SEM. 
doi:1 0.1 371 /journal.pone.0093934.g002 



ductal carcinoma (IDC) and 14 DCIS (Table 1). According to 
tumor-node-metastasis staging, most of the malignant cases were 
stage 0 (n= 13, 38%) and I-II (n= 19, 56%). 

Six specimens were not included in our analysis because of a 
limited specimen for good-quality staining. Finally, 49 pairs of 
breast non-MC and MC biopsies underwent immunhistochemistry 



for UBE2C expression (Figure lA). UBE2C expression was high in 
MC samples (score 1+, 20%; 2+, 31%; 3+, 16%; and 4+, 2%) but 
not in non-MC samples (+/-, 8%, 1+, 14%, P<0.0001; 
Figure IB). However, the scores for UBE2C were ambiguous 
between benign and malignant MC lesions (Figure IC). 



Table 3. Association of two-fold change in UBE2C mRNA level (MC/non-MC lesions) and pathologic features. 





UBE2C fold Induction (MC/non-MC) 


Pathology type 


No. of samples 


£2-fold, no. (%) 


<2-fold, no. (%) 


/J-value^ 


Benign 


21 


14 (66.7) 


7 (33.3) 




Malignant 


34 


26 (76.5) 


8 (23.5) 


0.5366 


Total 


55 


40 (72.7) 


15 (27.3) 




^Two-sided P-value by Fisher's exact test. 








doi:l 0.1 371/journal.pone.0093934.t003 
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Table 4. Association of nine-fold change in 


UBE2C mRNA level (MC/non-MC lesions) and pathologic 


and clinical features. 








UBE2C fold induction 










(MC/non-MC)" 






Parameter 


No. of samples 


2:9-fold, no. (%) 


<9-fold, no. (%) 


lvalue" 


Pathology type 


Benign 


21 


7(20) 


14 (80) 




Malignant 


34 


18 (56.1) 


16 (43.9) 


0.1766 


Age'^ 


>50 


22 


12 (54.5) 


10 (45.5) 




<50 


12 


6 (50) 


6 (50) 


1.0000 


TNM stage 


0 


14 


10 (71.4) 


4 (28.6) 




l-lll 


20 


8 (40) 


12(60) 


0.0921 


Tumor size'' 


Tl 


14 


6 (42.9) 


8 (57.1) 




T2~T3 


7 


3 (42.9) 


4 (57.1) 


1 .0000 



^Receiver-operating characteristic curve determined nine-fold induction of UBE2C mRNA level as the cut-off showing 52.9% sensitivity and 66.7% specificity. 

"^Two-sided P-value by Fisher exact test. 

'^Patients with malignant breast cancer. 

^Tumor size typing of IDC. 

doi:l 0.1 371 /journal.pone.0093934.t004 



In total, 69.4% of MC specimens were UBE2C-positive and only 
22.4% of non-MC specimens were UBE2C-positive; with no 
difference in UBE2C staining by age, BI-RADS, or pathology type 
or stage (Table 2). The immunohistochemistry findings suggested 
that UBE2C expression might be associated with breast MC lesions, 
but we need a larger cohort to clearly define the implications of 
UBE2C expression in benign and malignant tumors. 

Relationship between clinicopathologocal characteristics 
and UBE2C mRNA expression in breast MC lesions 

We measured UBE2C niRNA expression in 55 pairs of biopsies. 
UBE2C expression was greater in MC than non-MC lesions 
{j!)<0.0001; Figure 2A); benign and malignant samples showed a 
similar pattern of high UBE2C expression in MC lesions 
(Figure 2B). UBE2C relative expression (MC/non-MC) was 
greater but not significantly in malignant than benign samples 
(Figure 2C). Pathology diagnosis showed similar results, with lower 
UBE2C expression with benign fibrocystic disease than DCIS/ 
lobular carcinoma in situ and IDC malignant lesions (Figure 2D). 

With a two-fold optimal cut-off (25th percentile) of UBE2C 
expression, 76.5% and 66.7% of malignant and benign samples, 
respectively, showed a two-fold increase in UBE2C expression, 
although not statistically significant (Table 3). With a nine-fold 
optimal cut-off of UBE2C expression from receiver-operating 
characteristic curve analysis (52.9% sensitivity and 66.4% speci- 
ficity), 56.1% and 20% of malignant and benign samples, 
respectively, showed a nine-fold increase in UBE2C mRNA 
expression. The result was similar by age, cancer stage and tumor 
size, with no difference between groups (Table 4). Therefore, even 
though MC lesions expressed high UBE2C mRNA level, UBE2C 
could not be a diagnostic biomarker of malignant breast cancer in 
mammography core biopsies, which agrees with immunohisto- 
chemistry data (Table 2). 

We determined the expression of the common breast tumor 
markers HER2, ER and PR in MC biopsies with IDC by 
immunohistochemistry and then analyzed the fold induction of 
UBE2C. Samples with high expression of HER2, ER and PR also 



showed high expression of UBE2C mRNA, although these data 
need a larger cohort for statistical significance analysis (Figure 
SIA-C). 

UBE2C is required for breast cancer cell growth 

Because we found that UBE2C induction might play a role in 
breast lesions, although the link with malignant tumor progression 
was ambiguous, we investigated the carcinogenic role of UBE2C 
in the human breast cancer cell lines MCF-7 and MDA-MB-231. 
Compared with MDA-MB-231 cells, MCF-7 cells expressed lower 
levels of UBE2C protein and mRNA (Figure 3A and B); this result 
was supported in NCI-60 human cancer cells database (data not 
shown). We investigated the difference in cell proliferation and 
migration between MCF-7 and MDA-MB-231 cells by wound- 
healing assay. As expected, MDA-MB-231 cells showed greater 
cell proliferation and wound recovery than did MCF-7 cells 
(Figure 3C). 

To understand the effect of UBE2C in breast cancer cell growth 
and migration, we overexpressed or knocked down UBE2C in 
MCF-7 cells. Western blot analysis confirmed the results of 
overexpression or knockdown (Figure 3D). As compared with 
control cells, UBE2C knocked-down cells showed defective wound 
healing; and UBE2C overexpression only modestly improved 
wound healing (Figure 3E and F). Therefore, UBE2C may be 
essential for MCF-7 cell growth, and the level of endogenous 
UBE2C was sufficient for cell growth and migration. 

UBE2C knockdown triggers apoptosis 

We further investigated the carcinogenic activity of UBE2C by 
colony-forming assay in MCF-7 cells with UBE2C knockdown. 
Cells with UBE2C knockdown showed suppressed colony forma- 
tion after 14 days of growth (Figure 4A). The effect of UBE2C in 
MCF-7 cell viability was determined by quantification of Trypan 
blue staining (Figure 4B), MTT assay (Figure 4C) and WST-1 
assay (Figure 4D). MCF-7 cells with UBE2C knockdown showed 
reduced cell viability. These data indicate the activation of cellular 
apoptosis with UBE2C knockdown. Western blot analysis of 
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Figure 3. Effect of UBE2C expression on breast cancer cell proliferation and migration. (A) Western blot analysis of UBE2C expression in 
MCF-7 and MDA MB-231 cells, p-actin was an internal control. (B) RT-qPCR analysis of UBE2C mRNA expression in IVICF-7 and IVIDA iVlB-231 cells. The 
internal control was HPRT. Data are mean ± SD from 3 tests. (C) Wound-healing test in MCF-7 and MDA-MB-231 cells grown in 12-well plates until 
80% confluence, then cells were scratched in a line; images were obtained under an inverted optical microscopy. (D) MCF-7 cells were transfected 
with the UBE2C overexpression plasmid, p-UBE2C, or UBE2C knockdown or control plasmids sh-UBE2C or sh-ctrl for 48 h. Western blot analysis of 
protein level of UBE2C and p-actin. (E) Wound-healing assay of transfected MCF-7 cells at 0, 12, 24 and 48 h. The circled area with a dotted line was 
analyzed for gap recovery rate. (F) Gap recovery rates obtained from 3 independent wound-healing assays. Data are mean ± SD; *P<0.05, 
•**P<0.0001 vs. sh-ctrl. 
doi:1 0.1 371/journal.pone.0093934.g003 



apoptotic protein expression revealed decreased protein level of 
full-length PARP, Bcl-xL, Bcl-2, and pro-caspase-3, -8, and -9 and 
increased level of cleaved-PARP in UBE2C knockdown but not 
control cells (Figure 4E, upper panels); the normaliz(;d immuno- 
blot arbitrary unit with P-actin gave consistent results (Figure 4E, 
lower panel). Thus, UBE2C inhibition caused transduction of 
apoptosis molecules. UBE2C may be essential for MCF-7 cell 
colony-forming activity and preventing apoptosis. UBE2C may be 
a therapeutic target for breast cancer. 

Expression of UBE2C-associated carcinogenic genes 

Human neoplasias derive from genetic alteration inside cells. 
This alteration results in marked changes in levels of proteins 
involved in cell growth control, signal transduction and the cellular 
regulatory system in a specific and characteristic manner [24]. We 
wondered whether UBE2C expression was associated with that of 
other oncogenic genes in breast cancer cells. According to a 



previous review [25], we measured the mRNA expression of 5 
tumor initiation genes and 20 metastasis initiation, progression 
and virulence genes in MCF-7 cells with UBE2C knockdown. The 
levels of the tumor initiators HER2 and KRAS and metastasis 
genes VEGF, CXCL-4, CCL5, NEDD9 and RHoC were reduced 
in MCF-7 ceUs widi UBE2C knockdown (Figure 5A) and 
increased with UBE2C overexpression (Figure 5B). Therefore, 
expression of the 7 carcinogenic genes changed with UBE2C 
expression in MCF-7 cells. To uiidc-rstaiKl whether expression of 
these UBE2C-related genes was unregulated in malignant MC 
specimens, we randomly selected 9 MC breast biopsy pairs and 
found increased induction of HER2, KRAS and CCL-5 expres- 
sion; HER-2 expression was highly correlated with UBE2C 
(r^ = 0.879, P= 0.002; Figure 5C). Therefore, the expression of 
UBE2C was associated with that of selected carcinogenic genes in 
breast cancer cells and core biopsies and might be involved in 
breast cancer tumor formation or migration. 
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Figure 4. Cell growth reduction and apoptosis pathway activation in MCF-7 cell with UBE2C knockdown. (A) Colony-forming assay In 
IVlCF-7 cells with UBE2C shRNA knockdown or control shRNA at days 3 and 14 (left panel). Data are mean ± SD from 3 Independent tests. *P<0.05 
(right panel). (B) Trypan blue exclusion test of survival of IVlCF-7 cells transfected with UBE2C knockdown or control shRNA. *P<0.05 vs. sh-ctrl. (C) 
MTT viability assay and (D) WST-1 proliferation assay In MCF-7 cells with UBE2C shRNA knockdown or control shRNA at the Indicated times. Data are 
mean ± SD from triplicate tests. *P<0.05 ***P<0.001 . (E) Western blot analysis of apoptosis or antl-apoptosis protein levels In MCF-7 cells transfected 
with UBE2C knockdown (KD: sh-UBE2C) or control shRNA (C, sh-ctrl) for 72 h. Quantitative arbitrary unit of blots was normalized to p-actin (lower 
panel). Data are mean ± SD from 3 independent tests. *P<0.05 **P<0.005. 
doi:1 0.1 371/journal.pone.0093934.g004 
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Figure 5. Expression of UBE2C associated with that of oncogenic genes. RT-qPCR analysis of mRNA level of UBE2C and selected tumor- 
initiation or migration genes in iVlCF-7 cells with UBE2C knockdown, sh-UBE2C (A), or UBE2C overexpression, p-UBE2C (B) The relative mRNA 
expression was normalized to the internal control, HPRT. (C) RT-qPCR analysis of mRNA expression in 9 pairs of MC-malignant and non-MC core 
biopsies. UBE2C and HER-2 correlation: r^ = 0.879, P = 0.002. 
doi:1 0.1 371/journal.pone.0093934.g005 



Discussion 

Mammography screening is effective in detection of early breast 
tumors in Taiwan women [26]. After mammography detection, 
core biopsy specimens of breast lesions can be obtained for cancer 
histology diagnosis and cancer biomarker analysis [8]. This study 
validated significantly high mRNA and protein levels of UBE2C in 
breast MC lesions, with no difference by age, BI-RAD category or 
pathology type or cancer stage. Knockdown of UBE2C expression 
by shRNA interference demonstrated the carcinogenesis role of 
UBE2C in proliferation, migration, and survival in breast cancer 
cell activities. As well, UBE2C expression was associated with that 
of selected oncogenic or metastasis genes. Our data suggest that 
UBE2C may be a candidate marker for diagnosis of nonpalpable 



breast lesions but not benign or malignant breast tumors. 
Suppression of UBE2C may be a potential therapy target in 
breast cancer. 

UBE2C was highly expressed in MC but not non-MC lesions in 
mammography-guided core biopsies, which indicates the signifi- 
cant change in level of this oncogenic molecule in mammography- 
identified abnormal lesions. Therefore, the core biopsy is a 
valuable and important specimen in early cancer detection. 
UBE2C as a suggested malignant breast-cancer biomarker was 
evaluated in paraffin-embedded surgical specimens in previous 
studies [16,21,27,28]. Here, we found UBE2C highly expressed in 
both malignant and benign breast cancer lesions, which suggests 
that UBE2C induction can be associated with abnormal cell 
growth. However, single-factor detection of UBE2C might be not 
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sufficient to identify the tumor type or tumor progression in core 
biopsy specimens. Tlierefore, the diagnostic specificity is a concern 
when using UBE2C as a major biomarker to differentiate early 
malignant breast cancer from benign carcinoma. Previou.s studies 
suggested that UBE2C expression wa.s accompanied by that of 
other biomarlcers such as AZGP-1, prolactin-inducible protein, 
and S100A8 [29] or with pituitary tumor-transforming 1 
(PTTGI), Survivin and thymidin kinase 1 [30], which might 
improve outcome prediction in breast cancer. Furthermore, 
UBE2C as a biomarker of efficacy of cancer chemotherapy should 
be explored. 

We found that UBE2C expression was associated with the 
expression of the tumor initiator HER2, and MC lesions with high 
mRNA expression of HER-2 also showed high mRNA expression 
of UBE2C in breast core biopsies, which is consistent with 
previous observations in breast tumor tissue and cells [21,28]. 
Importantly, the mRNA expression of the oncogene KRAS, a 
downstream factor of EGFR/HER2 [31], was altered in UBE2C- 
knocked-down MCF-7 cells. An as-yet unrevealed cross-regulation 
mechanism may exist among UBE2C, HER2 and KRAS. UBE2C 
expression was associated with that of the selected metastasis- 
related genes VEGF, CXCL-4, CCL5, NEDD9 and RHoC, in 
MCF-7 cells, so UBE2C may be involved in breast cancer 
metastasis. High expression of UBE2C was found in metastasized 
node-positive breast cancer [27]. 

Downregulating UBE2C expression with siRNA ohgonucleo- 
tides inhibited cancer cell proliferation, arrested cells at S and G/ 
M phases of the cell cycle and led to cell death [32,33]. UBE2C 
siRNA-mediated cell apoptosis was enhanced by combined 
treatment with an agonist of the TNF-related apoptosis-inducing 
hgand (TRAIL) receptor [34]. In this study, we used retroviral 
vector-derived UBE2C shRNA to knock down UBE2C expres- 
sion, which confirmed the important role of UBE2C in cell 
growth, migration and colony formation. We further demonstrat- 
ed that UBE2C shRNA triggered cell death by activating an 
apoptosis pathway, which suggested the potential target of UBE2C 
for therapeutic intervention in cancer. In addition, our retrovirus- 
delivered shRNA for UBE2C suppression would be advantageous 
in anti-cancer study in a xenograft model in vivo [35,36]. 

Development of a specific inhibitor of UBE2C would be a great 
benefit to cancer therapy. For instance, a UBE2C transcription 
inhibitor, CCI-779 [37], and a UBE2C-proteasome inhibitor, 
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candidates require further study to confirm their inhibition activity 
of UBE2C. 

In conclusion, we demonstrated that UBE2C biomarker 
expression in core biopsy specimens from mammography provides 
information to evaluate breast lesions or early breast carcinoma. 
Development of a UBE2C detection tool and targeting drug 
therapy would be of benefit to clinical practice in breast cancer 
diagnosis and treatment. 

Supporting Information 

Figure SI Association of mRNA expression of UBE2C 
and other breast cancer markers. The HER2, ER and PR 
expression of breast biopsies was determined by immunohisto- 
chemical staining in routine clinical practice. (A) HER2'°"' 
(histology score 0-1+), N=3; HER2'"'^'' (score 2-I-4+), N=ll. 
(B) ERl'°" (score N = 4, ER^s^ (score 3+), N = 8. (C) PR'°" 
(score 1-2-H), N = 6, PR*'*'' (score 3-)-4+), N = 6. Data are 
mean±SEM. 
(TIF) 

Table SI qPCR primers used in this study. 

(DOC) 

Aclcnowledgments 

We thank Hung-Wei Pan for technical support. 

Author Contributions 

Conceived and designed the experiments: CPC NCH THC. Performed the 
experiments: CPC SJJ. Analyzed the data: CPC NCH SJJ THC. 
Contributed reagents/materials/analysis tools: HBP NJPJPC CFC JJC. 
Wrote the paper: THC. 



9. Haka AS, Shafcr-Peltier KE, Fitzmaurice M, Crowe J, Dasari RR, et al. (2002) 
Identifying microcalciiications in benign and malignant breast lesions by probing 
differences in their chemical composition using Raman spectroscopy. Cancer 
Res 62: 5375-5380. 

10. Lakhani SR, Van De Vijver MJ, Jacquemier J, Anderson TJ, Osin PP, et al. 
(2002) The pathology of familial breast cancer: predictive value of immunohis- 

tochemical markers estrogen receptor, progesterone receptor, HER-2, and p53 
in palirnis with mutations m BRCAl and BRCA2. J Clin Oncol 20: 2310-2318. 

1 1. Misek DE, Kim EH (201 1) Protein biomarkers for the early detection of breast 
cancer. IntJ Proteomics 2011: 343582. 

12. Rakha EA, El-Saycd ME, Green AR, Lee AH, Robertson JE, et al. (2007) 
Prognostic markers in triple-negative breast cancer. Chancer 109: 2.^)-32. 

13. Lambros MB, Natrajan R, Reis-EilhoJS (2007) Chromogenic and tluorescent in 
situ hybridization in breast cancer. Hum Pathol 38: 1105—1122. 

14. Williamson A, Wickliife KE, Mellone BG, Song L, Karpen GH, et al. (2009) 
Identification of a physiological E2 module for the human anaphase-promoting 
complex. Proc Natl Acad Sci U S A 106: 18213-18218. 

15. Summers MK, Pan B, Mukhyala K, Jackson PK (2008) The unique N terminus 
of the UbcHlO E2 enzyme controls the threshold for APC activation and 
enhances checkpoint regulation of the APC. Mol Cell 31: 544-556. 

16. Fujita T, Ikeda H, Taira N, Hatoh S, Naito M, et al. (2009) (Jverexprcssion of 
UbcHlO alternates the cell cycle profile and accelerate the tumor proliferation in 
colon cancer. BMC Cancer 9: 87. 



PLOS ONE I www.plosone.org 



10 



April 2014 | Volume 9 | Issue 4 | e93934 



UBE2C Expression in Breast Microcalcification Lesions 



17. van Rcc JH, Jcganathan KB, Malurcanu L, van Dcurscn JM (2010) 
Ovcrcxprcssion of the E2 ubiquitin-conjugating enzyme UbcHlO causes 
chromosome missegregation and tumor formation. J Cell Biol 188: 83-100. 

18. Guerriero E, Ferraro A, Desiderio D, Pallante P, Berlingieri MT, et al. (2010) 
UbcHlO expression on thyroid fine-needle aspirates. Cancer Cytopathol 118: 
157-165. 

19. Tronconc G, Guerriero E, Pallante P, Berlingieri MT, Ferraro A, ct al. (2009) 
UbcHlO expression in human lymphomas. fiistopatholo^g\' 54: 731-740. 

20. Donate G, lofrida G, La\'ano A, Volpentesta G, Signorelli F, et al. (2008) 
Analysis of UbcHlO expression represents a useful tool for the diagnosis and 
therapy of astrocytic tumors. Clin Ncuropathol 27: 219—223. 

21. BerUngieri MT, Pallante P, Sboner A, Barbareschi M, Bianco M, et al. (2007) 
UbcHlO is overexpressed in mal^ant breast carcinomas. Eur J Cancer 43: 
2729-2735. 

22. Pallante P, Berlingieri MT, Troncone G, Kruhoffer M, Orntolt 4 F, el al. (2005) 
UbcHlO ovcrcxprcssion may represent a marker of anaplastic thyroid 
carcinomas. Br J Cancer 93: 464—471. 

23. Fujita T, Ikeda H, Kawasaki K, Taira N, Ogasawara Y, ct al. (2008) 
Clinicopathological relevance of UbcHlO in breast cancer. Cancer Sci. 

24. Vogelstein B, Kinzler KW (1994) Has the breast cancer gene been found? CeD 
79: 1-3. 

25. Chiang AC, Massague J (2008) Molecular basis of metastasis. N Engl J Med 359: 

2814-2823. 

26. Chou CP. Pan HB, Hsu GC, Wang YC, Lee SK, et al. (2012) Assessing the Frst 
3 Years of I'aiwans's Nationwide Population-Based mammography Screening 
Program, llie Breats Journal 18: 2. 

27. Loussouarn D, Campion L, Leclair F, Campone M, Charbonnel C, et al. (2009) 
Validation of UBE2C protein as a prognostic marker in node-positive breast 
cancer. Br J Cancer 101: 166-173. 

28. Psyrri A, Kalogeras KT, Kronenwett R, Wirtz RM, Batistatou A, et al. (2012) 
Prognostic significance of UBE2C mRNA expression in high-risk early breast 
cancer. A Hellenic Cooperative Oncology Group (HeCOG) Study. Ann Oncol 
23: 1422-1427. 

29. Parris TZ, Kovacs A, Aziz L, Hajizadch S, Nemes S, et al. (2013) Additive effect 
of the AZGPl, PIP, S100A8, and UBE2(' molecular biomarkers improves 
outcome prediction in breast carcinoma. Int J Cancer. 



30. Chen CC, Chang TW, Chen FM, Hou MF, Hung SY, et al. (2006) 
Combination of multiple mRNA markers (PTTGl, Survivin, UbcHlO and 
TKl) in the diagnosis of Taiwanese patients with breast cancer by membrane 
array. Oncology 70: 438-446. 

31. Jancik S, DrabekJ, Radzioch D, Hajduch M (2010) Clinical relevance of KRAS 
in human cancers. J Biomed Biotechnol 2010: 150960. 

32. Jiang L, Bao Y. Luo C, Hu G. Huang C, et al. (2010) Knockdown of ubiquitin- 
conjugating enz\mc F2C/UliclllO expression by RNA interference inhibits 
glioma cell proliferation and enhances cell apoptosis in vitro. J (.dancer Res Clin 
Oncol 136: 211-217. 

33. Shen Z, Jiang X, Zcng C, Zheng S, Luo B, ct al. (2013) High expression of 
ubiquitin-conjugating enzyme 2C (UBE2C) correlates with nasopharyngeal 
carcinoma progression. BMC Cancer 13: 192. 

34. Wagner KW, Sapinoso L^l. l':i-Rifai W, Frierson HF, Butz N, et al. (2004) 
0\ erexpression, genomic ampliiieation and therapeutic potential of inhibiting 
the UbcHlO ubifjuitin conjugasc in human carcinomas of diverse anatomic 
origin. Oncogene 23; 6621-6629. 

35. Yang G, Cai KQ^ Thompson-Lanza J A, Bast RC, Jr., LiuJ (2004) Inhibilion of 
breast and ovarian tumor growth through multiple signaling pathwa\s b\ u^ing 
retrovirus-mediated small interfering RNA against Her-2/neu gene expression. 
J Biol Chem 279: 4339-^345. 

36. Gondi CS, Talluri L, Dinh DH, Gujrati M, Rao JS (2009) RNAi-mediated 
downregulation of MMP-2 activates the extrinsic apoptotic pathway in human 
glioma xenograft cells. Int J Oncol 35: 851-859. 

37. Wang H, Zhang C, Rorick A, Wu D, Chiu M, et al. (201 1) CCl-779 inhibits 
cell-cycle (i2-M progression and invasion of castration-resistant prostate cancer 
via attenuation of UBE2C transcription and mRNA stability. Cancer Res 71: 
4866-^876. 

38. Bavi P, Uddin S, Ahmed M, Jehan Z, Bu R, et al. (2011) Bortezomib stabilizes 
mitotic cyclins and prevents cell cycle progression via inhibition of UBE2C in 
colorectal carcinoma. Am J Pathol 178: 2109-2120. 

39. Rawat A, Gopal G, Selvaluxmy G, Rajkumar T (2013) Inhibition of ubiquitin 
conjugating enzyme UBE2C reduces proliferation and sensitizes breast cancer 
cells to radiation, doxorubicin, tamoxifen and letrozole. Cell Oncol (Dordr). 

40. Sabitha K, Rajkumar 1' (2012) Identification of small molecule inhibitors against 
UBE2C by using docking studies. Bioinformation 8: 1047-1058. 



PLCS ONE I www.plosone.org 



11 



April 2014 | Volume 9 | Issue 4 | e93934 



